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a b s t r a c t
Study region: The Chaliyar river basin, Kerala State, India.
Study focus: Detailed understanding about spatio-temporal variation in the
interaction and exchange ofwater between surface and sub-surface reservoirs
is important for effectivewatershedmanagement. Spatio-temporal variations
in the oxygen isotopic composition (ı18O) were used to understand the inter-
actionbetweengroundwater andriverwater, and toestimate thegroundwater
recharge from river water in the Chaliyar river basin.
Newhydrological insights for the region:Based on the spatio-temporal vari-
ation in ı18O values of river and groundwater and ﬂuctuation in groundwater
levels, following important inferences are made: (1) estimated river water
contribution to post-monsoon groundwater recharge is ∼16% in the lowland
coastal area of the Chaliyar river basin and 29% in midland region; (2) north-
east winter monsoon rains contribute to the groundwater of Chaliyar river
basin only in an insigniﬁcant manner, and with a delayed response; (3) unlike
river water samples which exhibit both seasonal and spatial variation of more
than 3‰, the groundwater samples vary only marginally (∼1‰) between the
seasons and across the physiographic zones; (4) groundwater samples exhibit
inverse altitude gradient in ı18O values in the highland zone, in all the three
seasons. This may be due to ﬂow of the isotopically depleted groundwater
down the gradient and evaporation of residual water in the upper reaches of
the basin.
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1. Introduction
The water balance of a river basin is governed by precipitation, evapotranspiration, and overland
and subsurface ﬂows into and out of the basin,whichmaybehighly variable in space and time (Winter,
1989; Van der Kamp and Hayashi, 2009). Groundwater recharge mainly occurs through inﬁltration of
rainwater as well as surface water. On the other hand, groundwater can also play an important role
in sustaining stream ﬂow (Sear et al., 1999). Therefore, detailed understanding about spatio-temporal
variation in the interaction and exchange of water between surface and sub-surface reservoirs is
necessary for effective watershed management.
Stable isotopes of oxygen (16O and 18O) and hydrogen (1H and 2H or D) forming water molecules
are inert and conservative in mixing relationship and hence used worldwide as a tracer to under-
stand various hydrological processes including groundwater–surface water interaction and recharge
characteristics (Gat, 2010; Criss, 1999; Kendall andMcDonnell, 1998; Clark and Fritz, 1997). There are
also several Indian studies inwhich stable isotopes have been used to understand various hydrological
processes (Deshpande et al., 2003; Deshpande and Gupta, 2012; Deshpande et al., 2013; Achyuthan
et al., 2013; Gupta et al., 2005; Sukhija et al., 2002; Saravana Kumar et al., 2010; Nachiappan et al.,
1995; Nachiappan, 2000; Datta, 1999; Datta and Tyagi, 1995; Datta et al., 1994a,b; Navada and Rao,
1991; Gupta, 1983).
The isotopic composition of ground water is controlled by relative contribution from local rain-
fall, rivers and other surface water bodies. Rivers usually originate in high altitude regions where
precipitation is isotopically depleted compared to that in the plains. Therefore, rivers are usually
isotopically depleted compared to groundwater and local precipitation in the plains. In contrast,
surface water bodies in plains are isotopically enriched in heavier isotopes due to continuous evap-
oration. Simultaneous monitoring of temporal variation in isotopic composition of groundwater and
surface water can provide useful insights about spatio-temporally varying recharge characteristics
and can help to estimate the recharge contribution of rain and river water to groundwater or vice
versa. The isotopic difference between groundwater and other hydrological components (precipi-
tation, river, lake, etc.) has been used to estimate the ground water recharge using simple mass
balance (Yeh et al., 2009; Langhoff et al., 2006; Mathieu and Bariac, 1996; Payne, 1988). There are
also a few Indian studies in which stable isotopes have been used to quantitatively estimate the
groundwater recharge. For example, in the state of Karnataka, storm water contribution to ground
water recharge was estimated to be ∼19–27% (Shivanna et al., 1994). In Pushkar Canal Command
area in the state of Andhra Pradesh, contribution of canal water to groundwater at Ellamilli and
Kodavali locations was estimated to be, respectively, 41% and 13%; and contribution of precipita-
tion to groundwater at these two locations was estimated to be 59% and 87% (Vijayakumar et al.,
2011).
In this study, observed spatiotemporal variations in stable oxygen isotopic composition of ground-
water and river water in the Chaliyar basin have been used to estimate the seasonally varying
contribution of river water to groundwater recharge. In addition, regionally varying pattern of inter-
action between river water and groundwater, and the role of recycled vapour in local precipitation
has been highlighted (Mukherjee et al., 2015).
2. Study area
The Chaliyar river basin is the third largest river basin in the state of Kerala in south India (Fig. 1).
Chaliyar river originates from the Ilambalari hills in Gudalur taluk of Nilgiris district in Tamil Nadu, at
an elevation of 2066mabovemean sea level. This interstate river has a total drainage area of 2923km2
of which 2535km2 lie in Kerala State and rest 388km2 in Tamil Nadu. The river has a length of about
170km. In the lower reaches the river is also known as Beyporepuzha. The main river is contributed
by the important tributariesChaliyarpuzha, Punnapuzha,Maruthapuzha,Karimpuzha,Kanchirapuzha,
Kuthirapuzha, Iruvenhipuzha and Cherupuzha (PWD, 1974). The drainage map of the Chaliyar river
basin with sampling location is shown in Fig. 1.
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Fig. 1. Groundwater (W) and river water (R) sampling locations shown in the drainage map of the Chaliyar river basin.
2.1. Physiography and soils
The Chaliyar river basin can be broadly classiﬁed into three physiographic zones as given below
(PWD, 1974): (1) the highland region in the eastern boundary of the state, situated 75m above the
mean sea level; (2) the midland region lying between 7.5 and 75m above mean sea level; and (3) the
lowland region lying below 7.5m above mean sea level.
Theﬁvedifferent typesof soilswhichoccur in this riverbasinarecoastal alluvium, riverinealluvium,
lateritic soil, brown hydromorphic soil and forest loam. Coastal alluvium is predominantly of marine
origin, with some ﬂuvial sediment along the coast. Riverine alluvium is seen along the river valleys,
cutting across the extensive laterite soils. The lateritic soil is the predominant soil type in the basin and
it occurs in the midland and highland regions. The laterite soil is a weathered product derived under
humid tropic conditions. The brown hydromorphic soil is the second predominant soil type found in
this basin. This occurs mostly in the valleys between undulating topography in themidland and in the
low lying areas in the coastal strip. This soil is formed as a result of transportation of materials from
adjoining hill slopes and deposition by the river. The forest loam is developed in the hilly and forest
areas. The upper layer of soil is highly enriched with organic matter derived from the decomposed
leaves. Due to organic matter, the soil is dark reddish brown to black in colour (CGWB, 2009).
2.2. Rainfall and climate
The two monsoons, namely, south-west (SW) monsoon in summer and north-east (NE) monsoon
inwinter, are the deciding factors in the climate of the basin. The SWmonsoon begins in June and ends
in September contributing to about 60% of the annual rainfall. The NE monsoon is experienced in the
month of October–November contributing to about 25% of the total annual rainfall, January–May are
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Fig. 2. Map of the study area showing important geological features.
the dry months of the year, about 15% of the total rainfall is received during this period. The coastal
belt is humid and damp and relative humidity decreases towards the eastern parts of the basin. The
climate of the basin is generally moderate. Themaximum temperature ranges from approximately 22
to 33 ◦C and the minimum temperature ranges from approximately 22 to 26 ◦C. The average annual
maximum temperature is 30.9 ◦C andminimum is 23.7 ◦C. The temperature starts rising from January
reaching the peak in April. It decreases during monsoon months (Ambili, 2010).
2.3. Geology and geomorphology
Geologically the Chaliyar river basin is characterized by charnockites,metapelites, schists, gneisses
and quartz reefs of Pre-Cambrian age (Hariharan, 2001; Ambili, 2010), laterites of Pleistocene age
and alluvial formations of Recent to sub Recent age. Laterites formed due to tropical weathering of
crystalline rocks occur as residual formation, capping over the older rocks. Laterites are found as both
primary (in situ) as well as secondary (transported) material. They are exposed as irregular patches
with varying thickness from one geomorphic unit to the other. The recent alluvial formation includes
coastal sand, river alluvium and valley ﬁll. These are composed of ﬁne to medium grained sand. The
important geological features in the study area are shown in Fig. 2.
Geomorphologically, the Chaliyar drainage basin includes parts of distinct provinces like the
Wayanad plateau and the Nilgiri hills at higher altitude, the Nilambur valley forming the slopes of
the foot hills and low lands adjoining the main trunk of the Chaliyar river. The lowest reaches of
the Chaliyar main channel shows a sudden change in the geomorphology beyond 110km from the
source in the downstream direction. The channel takes a sharp bend at 110km and beyond this the
river shows meanders at consistent intervals. The main stream Chaliyar is a 7th order stream and the
drainage network analysis shows that the pattern is dendritic combined with rectangular. The lat-
ter is the more characteristic for the area close to the conﬂuence of Punnapuzha with Chaliyar river
(Hariharan, 2001; Ambili, 2010).
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Table 1
ı18O (‰) of river water (R) and groundwater (W).
Sample ID Pre-monsoon Monsoon Post-monsoon
ı18O (‰) ı18O (‰) ı18O (‰)
Lowland
River (R-1) −1.2 −4.5 −1.8
G W (W-1) −4.9 −5.1 −4.5
G W (W-2) −4.9 −4.9 −4.3
Midland
River (R-2) −2.7 −4.4 −3.7
River (R-3) −3.0 −4.9 −3.1
G W (W-3) −4.2 −5.1 −4.0
G W (W-4) −4.6 −5.0 −4.3
G W (W-5) −4.9 −5.1 −4.4
Highland
River (R-4) −3.9 −5.3 −3.9
River (R-5) −4.4 −5.1 −4.2
G W (W-6) −4.3 −5.2 −4.0
G W (W-7) −3.9 −4.5 −3.7
3. Methodology
River water samples from ﬁve locations (R1 to R5 in Fig. 1), and groundwater samples from seven
locations (W1 to W7 in Fig. 1) were collected periodically for isotope monitoring. The sampling
locations were selected to represent the three physiographic zones, namely, lowland, midland and
highland. Water samples were collected during March 2011, August 2011 and January 2012 repre-
senting, pre-monsoon,monsoon andpost-monsoon seasons, respectively. Thewater level ﬂuctuations
in the observation wells were monitored bimonthly. Water samples were analysed for stable oxygen
isotopic composition (ı18O). Measurement of 18O/16O ratio was done by CO2 equilibration method,
using Isotope Ratio Mass Spectrometer (IRMS) at the Isotope Hydrology Division of Centre for Water
Resources Development andManagement (CWRDM), Kozhikode using continuous ﬂowmeasurement
techniques. The isotopic composition of equilibrated CO2 gas reﬂects the 18O/16O ratio of the water
sample and the data acquisition system directly provides the isotopic composition of water samples.
The isotopic composition of water is usually expressed in ı notation in terms of per mil (‰) with ref-
erence to an international standard [ı18O or ıD= (Rsample/Rstandard −1)×1000], where R denotes the
abundance ratio of heavy to light isotope [i.e., 18O/16O or 2H (or D)/1H] in the sample or standard. In
the case of water, the international standard refers to Vienna-StandardMean OceanWater (V-SMOW)
(Craig, 1961; Gonﬁantini, 1978). The overall external precision obtained from repeated analyses of
multiple aliquots of secondary laboratory standard was ±0.18‰ for ı18O.
4. Results and discussion
4.1. Isotopic characteristics of groundwater and river water
Themeasured values of ı18O for riverwater and groundwater samples collected from three physio-
graphic zones and during three different seasons, namely, pre-monsoon, monsoon and post-monsoon
are given in Table 1. The observed spatio-temporal variations in isotopic composition of groundwa-
ter and river water samples are graphically shown, respectively, in Fig. 3a and b, which reveal the
following important points.
(1) Chaliyar river water samples in all physiographic zones show more prominent seasonal and
spatial variations compared to corresponding groundwater samples.
(2) Isotopic difference between river water and groundwater samples is minimum during monsoon
season and maximum during pre-monsoon season.
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Fig. 3. Variation in the ı18Ovalues of (a) groundwater and (b) riverwater samples fromChaliyar river basin collectedduringpre-
monsoon (March), monsoon (August) and post-monsoon (January) from three physiographic zones, namely, lowland, midland
and highland.
(3) Isotopic depletion with increasing altitude is observed in river water samples during pre-
monsoonmonths,with ı18O values decreasing from−1.2‰ in lowland zone to−4.4‰ in highland
zone. Isotopic depletion in rain occurs primarily because heavier isotopes are rained out in the
lower altitudes and lighter isotopes are preferentially deposited in the higher altitude. In addi-
tion to this altitude effect, the observed isotopic depletion in river water with increasing altitude
during pre-monsoon seasonmay also be due to dwindling ﬂow in the river during pre-monsoon,
increased evaporation and mixing of evaporated river water with sea water penetrating in the
mouth of the river in the lower altitude. This isotopic depletion observed in river water samples
during pre-monsoon season diminishes in monsoon season during which ı18O values of river
Chaliyar in the lowland (−4.5‰) zone are very close to that in the highland (−5.3‰). This pat-
tern of isotopic depletion in river water with increasing altitude is observable once again in the
post-monsoon season,with ı18O values decreasing from−1.8‰ in lowland to−4.2‰ in highland.
(4) Unlike river water samples which exhibit both seasonal and spatial isotopic variation of more
than 3‰ in ı18O, the groundwater samples vary only a little between the seasons (∼1.2‰) and
across the physiographic zones (∼1.5‰).
(5) Groundwater samples strangely exhibit an inverse altitude gradient,with themost enriched ı18O
values in the highland zone, in all the three seasons. Thismay be due to ﬂowing of the isotopically
depleted groundwater down the gradient and evaporation of residual groundwater in the upper
reaches of the basin.
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(6) In case of groundwater samples, there is an isotopic enrichment in post-monsoon season
(January), compared to monsoon season (August) which is unexpected for this region. This is
because, the NE winter monsoon rainfall in this region during Nov-Dec is known to be iso-
topically depleted (range: −5.9‰ to −8.6‰) compared to SW summer monsoon rainfall during
June–September (range: −1.3‰ to −5.6‰) (Warrier et al., 2010). Therefore, the observed iso-
topic enrichment in January (instead of expected depletion) suggests that NE winter monsoon
rainfall does not replenish groundwater quick enough (within 1–2 months) to manifest isotopic
depletion in groundwater in post-monsoon season (January).
(7) Instead of expected isotopic depletion in the post-monsoon (January), the same is observed a
fewmonths later, i.e., in the pre-monsoon season (March), with lower ı18O in groundwater from
all the three physiographic zones compared to the values in January. This indicates that it takes
longer (maximum 3–4 months) for precipitation during NE winter monsoon to replenish the
groundwater in Chaliyar basin. This delayed effect of NEwinter rains could be due to the fact that
rainfall during NE winter monsoon is only ∼25% of the annual rainfall in Chaliyar basin and it
takes longer for isotope effect to manifest in groundwater. However, this inference can be tested
only after long-term isotopic monitoring.
(8) Isotopic depletion in March (pre-monsoon) compared to preceding post-monsoon (January),
which is observed in groundwater, is not observed in river water (except in RW-5), possibly
due to evaporative enrichment. This suggests that even during the relatively cooler months of
November–December to March, there is considerable evaporation from the river water.
(9) In general the river water samples are enriched in 18O compared to corresponding groundwater
samples regardless of physiographic zones or season of sampling. This indicates not only the
more intense evaporation from river water compared to groundwater, but also that the Chali-
yar river does not cause signiﬁcant groundwater recharge in the lean ﬂow season, or else the
groundwater would also have shown considerable isotopic enrichment, similar to that of river
water.
(10) River water samples collected from the lowland coastal area have considerably enriched ı18O
value in pre-monsoon (−1.2‰) and post-monsoon (−1.8‰) compared to monsoon which sug-
gests the mixing of evaporated river water towards its terminal end with sea water penetrating
in the river in these seasons. But in monsoon season, the ı18O of river in the lowland coastal area
is low (−4.5‰) and similar to the ı18O values (−4.4‰ to −5.3‰) of other samples away from
the coast, indicating the effect of dilution by incoming fresh water, derived from higher altitude
regionswhere precipitation is known to be isotopically depleted to progressive rainout of heavier
isotopes.
4.2. Groundwater recharge from river
The total groundwater recharge in Chaliyar river basin is contributed by two major constituent
components, namely, rainwater and river water. A two component (groundwater and river water)
mixingmodel has beenused in this study to estimate the riverwater fraction in groundwater recharge.
Asmentionedearlier, there is a distinct differencebetween ı18Ovalues of groundwater and riverwater
samples, particularly during pre-monsoon and post-monsoon seasons (Table 1 and Fig. 3).
The fraction of riverwater in groundwaterwas quantitatively estimated from the following isotope
mass balance equation; from this percentage recharge contribution of river water was calculated. As
per the isotope mass balance equation:
ı1M1 + ı2M2 = ıAM
M1 + M2 = 1
where ı1 represents ı18O of the pre-monsoon groundwater end-member (without any river contribu-
tion) and ı2 represents the ı18O of river water. ıAM is the ı18O of admixture, comprising pre-monsoon
groundwater and river water. M1 and M2 are the fractions of pre-monsoon groundwater and river
water in the admixture, respectively.
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Fig. 4. Temporal ﬂuctuations in the ground water levels in the sampled wells.
From the above equations the percentage of river watermixedwith groundwater can be evaluated
from the following equation:
Riverwater contribution (%) =
[
(ıAM − ı1)
(ı2 − ı1)
]
× 100
In the above calculations, ground water in the post-monsoon season (isotopic composition ıAM) is
considered to be a mixture of the pre-monsoon groundwater (isotopic composition ı1) present in the
aquifer prior to themonsoon and the inﬁltrating post-monsoon river water (isotopic composition ı2).
Using the average values of pre-monsoon groundwater and post-monsoon river water for the three
physiographic zones as the end-members, the river water contribution to ground water in each zones
has been estimated. The ı18O values of the end-members used in the above mass balance equations
and the estimated river water contribution to groundwater recharge have been given in Table 2. The
three columns in Table 2 which contain end-member values have been identiﬁed with respective
labels, namely, ı1, ı2, and ıAM. The ı18O values of pre-monsoon groundwater end-members (ı1) for
lowland, midland and highland zones are, respectively, −4.9‰, −4.6‰, and −4.1‰. The ı18O values
of the post-monsoon river water end members (ı2), for lowland, midland and highland zones are,
respectively, −1.8‰, −3.4‰, and −4.0‰. Using the above approach, the river water contribution to
post-monsoon groundwater (e.g., at Farook and Olavanna stations) in the coastal area of the Chali-
yar river basin is estimated at ∼16%. The groundwater in the midland region (Thavannor, Areakkode
and Chathamangalam) is estimated to receive ∼29% of river water contribution. This approach, how-
ever, is not applicable in the highland zone because the average post-monsoon groundwater ı18O
value (−3.9‰) is higher than the average ı18O values for pre-monsoon groundwater (−4.1‰) and the
post-monsoon river (−4.0‰). This suggests that in the highland zone, with steep slope, the ground-
water is not recharged by river water which quickly ﬂows down the gradient. Instead, it seems that
groundwater in the highland is probably recharged by the rainwater which has undergone signiﬁ-
cant evaporation during canopy interception and also while ﬂowing through tortuous surface and
sub-surface path in mountainous terrain.
4.3. Groundwater–rainwater interaction
The temporal variations in the ground water levels in the sampled wells (W-1 to W-7) from dif-
ferent physiographic zones in the Chaliyar river basin are shown in Fig. 4. The highest ground water
levels in all thewells are observed during SW summermonsoon season (June, 2011 and August, 2011)
suggesting that maximum groundwater recharge occurs from SW monsoon rains. It is also seen that
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Table 2
Percentage contribution of river water in ground water recharge in different physiographic zones.
Zone Groundwater ı18O (‰) River water ı18O (‰)
Station name Pre-
monsoon
Avg.
pre-monsoon
(ı1)
Post-
monsoon
Avg.
post-monsoon
(ıAM)
Location Pre-
monsoon
Post-
monsoon
Avg.
post-monsoon
(ı2)
% Contribution of
river to groundwater
recharge
L
Farook (W-1) −4.9 −4.9 −4.45 −4.4 River (R-1) −1.2 −1.8 −1.8 16Olavanna (W-2) −4.9 −4.33
M
Chathamangalam (W-3) −4.2
−4.6
−4.0
−4.2
River (R-2) −2.7 −3.7
−3.4 29Thavannoor (W-4) −4.6 −4.3 River (R-3) −3.0 −3.1Areakkode (W-5) −4.9 −4.4
H
Karulai (W-6) −4.3 −4.1 −4.0 −3.9 River (R-4) −3.9 −3.9 −4.0 –Marutha (W-7) −3.9 −3.7 River (R-5) −4.4 −4.2
Physiographic zones: L, lowland; M, midland; H, highland; W, groundwater; R, river water; ı1, pre-monsoon groundwater end-member; ı2, post-monsoon river end-member; and ıAM,
post-monsoon groundwater being admixture of the two end-members.
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after August-2011, groundwater levels in all the wells continue to decline progressively. The continu-
ation of this declining trend even during and after the NE winter monsoon season (i.e., in November,
2011 and January, 2012) suggests that NE winter rains do not contribute to the groundwater in any
signiﬁcant manner, excepting in W-2 where water level increases slightly during August, 2011 to
November, 2011. The inference from water level ﬂuctuation, that NE winter rains do not contribute
to the groundwater, in a way corroborates the earlier inference that Chaliyar river does not cause sig-
niﬁcant groundwater recharge in the lean ﬂow season. This is perhaps due to the fact that NE winter
rains amounts to only 25% of annual rainfall in the region.
The maximum water level ﬂuctuation is observed in well number W-7 in which water level
increases suddenly from ∼10m below ground level (bgl) in March, 2011 to ∼4m bgl in the begin-
ning of the SW monsoon season (June, 2011). Also the water level in this well decreases suddenly to
∼7m in August, 2011 which suggests that the well is located in the recharge zone of the basin from
where rainwater is inﬁltrating and quickly drained down the slope to feed the aquifers in the lower
reaches of the basin.
5. Summary and conclusions
Spatio-temporal variations in the oxygen isotopic composition (ı18O) of groundwater and river
water samples, and seasonal variation in groundwater levels have been used to understand the
groundwater-river water interaction and to estimate groundwater recharge from river water in the
Chaliyar river basin. Some of the important observations and inferences are: (1) River water con-
tribution to post-monsoon groundwater is estimated at ∼15% in the lowland coastal areas and 29%
in midland region. (2) NE winter rains contribute to the groundwater of Chaliyar river basin only
in an insigniﬁcant manner and with delayed response. (3) Unlike river water samples which exhibit
both seasonal and spatial variation of more than 3‰, the groundwater samples vary only marginally
(∼1‰) between the seasons and across the physiographic zones. (4) Groundwater samples exhibit
inverse altitude gradient, with the most enriched ı18O values in the highland zone, in all the three
seasons. This observation, together with rapid increase and decrease in groundwater level in upper
reaches, suggests rapid downward ﬂow of isotopically depleted groundwater from the upper reaches
and groundwater recharge by evaporated residual water. (5) In general, the river water samples are
enriched in 18O compared to corresponding groundwater samples regardless of physiographic zones
or season of sampling. This indicates not only the more intense evaporation from river water com-
pared to groundwater, but also that the Chaliyar river does not cause signiﬁcant groundwater recharge
in the non-monsoon season, or else the groundwater would also have shown considerable isotopic
enrichment, similar to that of river water.
Acknowledgements
This work forms part of the project funded by Department of Science and Technology (DST), Gov-
ernment of India undergoing at Centre forWater ResourcesDevelopment andManagement (CWRDM),
Kozhikode, Kerala and the National Programme on Isotope Fingerprinting of Waters of India (IWIN)
at Physical Research Laboratory, Ahmedabad, Gujarat. The authors express their sincere gratitude to
Dr. N.B. Narasimha Prasad, Executive Director, CWRDM for his support and permission to publish
this paper. The two anonymous reviewers are also thanked for providing their critical comments and
suggestion.
References
Achyuthan, H., Deshpande, R.D., Rao, M.S., Kumar, B., Nallathambi, T., Shashikumar, K., Ramesh, R., Ramachandran, P., Maurya,
A.S., Gupta, S.K., 2013. Spatio-temporal mixing inferred from water isotopes and salinity of surface waters in the Bay of
Bengal. Mar. Chem. 149, 51–62.
Ambili, V., (Ph.D. thesis) 2010. Evolution of Chaliyar river drainage basin: insight from tectonic geomorphology. Cochin Univer-
sity of Science and Technology, Cochin, Kerala, India.
Clark, I.D., Fritz, P., 1997. Environmental Isotopes in Hydrogeology. Lewis Publishers, Boca Raton.
CGWB, 2009. Groundwater Information Booklet of Kozhikode District. Ministry of Water Resources, Government of India.
58 A. Shahul Hameed et al. / Journal of Hydrology: Regional Studies 4 (2015) 48–58
Craig, H., 1961. Standards for reporting concentrations of deuterium and oxygen-18 in natural waters. Science 133 (3467),
1833–1834.
Criss, R.E., 1999. Principles of Stable Isotope Distribution. Oxford University Press, New York.
Datta, P.S., 1999. Groundwater Situation in Delhi: Red Alert – An International Report. Nuclear Research Laboratory, Indian
Agricultural Research Institute, New Delhi.
Datta, P.S., Bhattacharya, S.K., Tyagi, S.K.,1994a. Assessment of groundwater ﬂow conditions and hydrodynamics zones in
phreatic aquifer of Delhi area using oxygen-18. In: Proc. Intl.WorkshopGroundwaterMonitoring andRecharge in Semi-Arid
areas. IAH/UNESCO Publications, Hyderabad, pp. S IV12–S IV24.
Datta, P.S., Bhattacharya, S.K., Mookerjee, P., Tyagi, S.K., 1994b. Study of groundwater occurrence andmixing in Pushkar (Ajmer)
valley Rajasthan with ı18O and hydrochemical data. J. Geol. Soc. 43, 449–456.
Datta, P.S., Tyagi, S.K.,1995. Isotopic investigation on groundwater recharge conditions and ﬂow regime in Delhi region – a
review. In: Proc. Intl. Conf. Water and Energy, vol. II. Oxford & IBH Publication, pp. 629–642.
Deshpande, R.D., Bhattacharya, S.K., Jani, R.A., Gupta, S.K., 2003. Distribution of oxygen and hydrogen isotopes in shallow
groundwaters from Southern India: inﬂuence of a dual monsoon system. J. Hydrol. 271 (1–4), 226–239.
Deshpande, R.D., Gupta, S.K., 2012. Oxygen and hydrogen isotopes in hydrological cycle: new data from IWIN national pro-
gramme. Proc. Ind. Natl. Sci. Acad. 78 (3), 321–331.
Deshpande, R.D., Maurya, A.S., Kumar, B., Sarkar, A., Gupta, S.K., 2013. Kinetic fractionation of water isotopes during liquid
condensation under super-saturated condition. Geochim. Cosmochim. Acta 100, 60–72.
Gat, J.R., 2010. Isotope Hydrology: A Study of the Water Cycle. Imperial College Press, London.
Gonﬁantini, R., 1978. Standards for stable isotope measurements in natural compounds. Nature 271, 534–536.
Gupta, S.K., 1983. An isotopic investigation of a near-surface groundwater system. J. Hydrol. Sci. 28 (2), 261–272.
Gupta, S.K., Deshpande, R.D., Bhattacharya, S.K., Jani, R.A., 2005. Ground water ı18O and ıD from central Indian Peninsula:
inﬂuence of Arabian Sea and Bay of Bengal branches of summer monsoon. J. Hydrol. 128, 223–236.
Hariharan, G.N., (Ph.D. thesis) 2001. Geochemistry and sedimentology of Chaliyar river sediments with special reference to the
occurrence of placer gold. Cochin University of Science and Technology, Cochin, Kerala, India.
Kendall, C., Mc Donnell, J.J., 1998. Isotope Tracers in Catchment Hydrology. Elsevier, Amsterdam.
Langhoff, J.H., Ramussen, K.R., Christensen, S., 2006. Quantiﬁcation and regionalization of ground water-surface water interac-
tion along an alluvial stream. J. Hydrol. 320, 342–358.
Mathieu, R., Bariac, T., 1996. An isotopic study (DeuteriumandOxygen-18) onwatermovements in clayey soils under a semiarid
climate. Water Resour. Res. 32, 779–789.
Mukherjee, A., Saha, D., Harvey, C.F., Taylor, R.G., Ahmed, K.M., 2015. Groundwater systems of the Indian Sub-Continent. J.
Hydrol.: Reg. Stud. 4, 1–14.
Nachiappan, Rm.P., (Ph.D. thesis) 2000. Surface water – groundwater interaction studies using isotope technique. University of
Roorkee, Roorkee.
Nachiappan, Rm., Kumar, P., Navada, B., Balakrishnan, S.V.S., 1995. Identiﬁcation of groundwater isotopic index for surface
water–groundwater interaction studies. In: IAEA-SM336, Int. Symp. Isotopes in Water Resources Management, March
20–24. IAEA, Vienna.
Navada, S.V., Rao, S.M., 1991. Study of Ganga River – groundwater interactions using environmental oxygen-18. Isotopenpraxis
27 (8), 380–384.
Payne, B.R., 1988. The status of isotope hydrology today. J. Hydrol. 100, 207–237.
PWD, 1974. Water Resources of Kerala. Public Works Departments, Government of Kerala, Thiruvananthapuram.
Saravana Kumar, U., Kumar, B., Rai, S.P., Sharma, S., 2010. Stable isotope ratios in precipitation and their relationship with
meteorological conditions in the Kumaon Himalayas, India. J. Hydrol. 391, 1–8.
Sear, D.A., Armitage, P.D., Dawson, F.H., 1999. Groundwater dominated rivers. Hydrol. Process. 13, 255–276.
Shivanna, K., Kulkarni, U.P., Sinha, U.K., Nair, A.R., Navada, S.V.,1994. Application of isotope techniques in groundwater recharge
studies in semi arid or arid regions. In: Int. Workshop Groundwater Monitoring and Recharge in Semi-Arid Areas. NGRI,
Hyderabad, India.
Sukhija, B.S., Nagabhushnam, P., Reddy, D.V., 2002. Use of stable isotope in hydrology. Ind. J. Geochem. 17, 89–98.
Van der Kamp, G., Hayashi, M., 2009. Groundwater-wetland ecosystem interaction in the semiarid glaciated plains of North
America. J. Hydrol. 17, 203–214.
Vijayakumar, S.V., Rao, P.R., Vijaya, T., Rao, U.V.N., Kumar, B., 2011. Stable isotope characterization of groundwater in Pushkar
canal command area. Int. J. Earth Sci. Eng. 4 (8), 17–23.
Warrier, C.U., Praveen Babu, M., Manjula, P., Velayudhan, K.T., Shahul Hameed, A., Vasu, K., 2010. Isotopic characterization of
dual monsoon precipitation - evidence from Kerala, India. Curr. Sci. 98 (11), 1487–1495.
Winter, T.C., 1989. Hydrologic studies of wetland in the northern prairies. In: van der valk, A. (Ed.), Northern Prairie Wetlands.
Lowa University Press, pp. 17–54.
Yeh, H.-F., Lee, C.-H., Hsu, K.-C., Chang, P.-H.,Wang, C.-H., 2009. Using stable isotopes for assessing the hydrologic characteristics
and sources of groundwater recharge. J. Environ. Eng. Manage. 19, 185–191.
